newborn infant; hemoglobin; arterial oxygen saturation SEVERAL TECHNIQUES for the determination of cerebral blood volume (CBV) in human subjects have been described. These techniques employ radioiodine-labeled albumin (19) , %r-labeled erythrocytes (27) , X-ray computed tomography with an intravascular contrast agent (17)) gamma emission tomography with 99Tc-labeled erythrocytes (16) , and more recently positron and singlephoton emission tomography with various radionuclides as intravascular markers (9, 18, 21, 23, 28) . All these techniques have the disadvantage of employing ionizing radiation and are only capable of providing intermittent information about CBV. Optical spectroscopy using visible and near-ultraviolet light has been employed to monitor changes in regional CBV in exposed cerebral cortex (12) , but this technique is not applicable to the intact head. Near-infrared (NIR) spectroscopy, first described in 1977 (ll) , enables transillumination of the intact head and offers the possibility of continuous noninvasive quantitation of CBV. Because of the large distance between the sites of light entry and exit and the high degree of scattering in biological tissue, NIR spectroscopy provides a measure of global CBV but is very insensitive to regional fluctuations. This technique has been employed by Jobsis and others to monitor changes in CBV on an arbitrary scale in animals (3l), human infants (1, 2) , and adults (7, 8) , but quantitation of CBV has not been possible. In 1986 we suggested, in a preliminary report, that quantitative determination of CBV by NIR spectroscopy was feasible (34) . We describe here a technique for absolute quantitation of CBV in human infants together with the results of observations on 22 infants.
METHODS
Theory. NIR transmission spectroscopy through tissue over distances of up to 8 cm is possible because of the relative transparency of biological tissue to light in the NIR region (750-1,000 nm). The newborn infant's head has a biparietal diameter of 5-9 cm depending on gestational age, and thus transillumination is feasible in many infants. Partial transmission spectroscopy with the optical fibers positioned orthogonally may be performed on those infants in whom linear transillumination is not practicable. Absorption due to the main cerebral chromophores, oxyhemoglobin (HbOe), and deoxyhemoglobin (Hb) can be quantitated in the following manner.
The Beer-Lambert law describing optical absorption when applied to a homogeneous scattering medium can be expressed as absorption (in OD) = (a+L*B) + G where OD is optical density, a is the absorption coefficient (mM-' cm-l) of the chromophore, c is its concentration (mM), L is the distance between the points where light enters and leaves the medium (cm), B is a pathlength factor, which allows for the increased optical pathlength in a scattering medium, and G is a geometrydependent factor. If a, L, and B are known and G remains constant, changes in chromophore concentration can be calculated from absorption changes from the formula AC = AOD/(a*L*B)
We have previously described an algorithm for the derivation of concentration changes in HbOz and Hb in the brains of newborn infants and experimental animals (32). The absorption coefficients of Hb02 and Hb were obtained from studies of lysed human blood. The path-length factor B was deduced initially from the NIR absorption by water in transmission spectroscopy of the rat head (32). More recently, time of flight studies in live rats (5) and postmortem infants (33) have allowed direct measurement of the optical pathlength. With the use of advanced optoelectronic techniques it is possible to measure the time taken for an extremely short pulse of near-infrared light to traverse the intact head. From the speed of light and the refractive index of the tissue it is possible to calculate the mean pathlength taken by photons in traversing the head and thus determine the factor B. Postmortem measurements in six preterm infants have given a mean value of 4.4 t 0.3 (SD) (33). For the purpose of this study we have assumed a value for B of 4.4. A value for brain density of 1.05 (20) Because the extraction of oxygen at each point in the cerebral circulation is absolutely dependent on blood flow and oxygen consumption, it can be seen that the oxygen saturation within each vascular compartment will change by the same amount (ASaoJ. (Changes in the amount of oxygen dissolved in plasma may be ignored if the arterial saturation is <95%.) Thus the change in cerebral oxyhemoglobin concentration (AIHbOa]) will be equal to the product of the total cerebral hemoglobin concentration [tHb] were admitted to the Neonatal Unit of University College Hospital were studied; 13 were male and 9 were female. Their gestational ages ranged from 24 to 43 (median 36) wk, and birth weights from 730 to 3,900 (median 1,780) g. Their principal diagnoses are listed in the APPENDIX. On the basis of clinical examination and cranial ultrasound scans, 12 infants were thought to have normal brains, and 10 had evidence of cerebral injury (Table 1) .
Of the 10 infants with brain injury, 4 subsequently died and 5 of the 6 survivors developed cerebral atrophy. None of the infants with normal brains developed cerebral atrophy. NIR spectroscopy was performed at a postnatal age of 4-240 (median 48) h, and recordings were continued for 2-10 (median 4) h. Three infants were breathing spontaneously, and 19 infants were receiving mechanical ventilation.
This study was approved by the University College London Faculty of Clinical Science Committee on the Ethics of Clinical Investigation, and parental consent was obtained before each investigation.
NIR spectroscopy measurements. We have previously described a portable apparatus we have built for NIR transmission spectroscopy of the brain in infants (3). This apparatus was employed for studies in 12 infants, and a commercial prototype of this instrument (Hamamatsu Photonics KK, NIRlOOO) was employed in the remaining 10 studies. Figure 1 shows a simplified diagram of the apparatus. NIR light from laser diodes was directed through a flexible fiber optic bundle into the head at a site equidistant from the anterior fontanelle and the external auditory meatus. Light emerging from the opposite side of the head was conveyed by an identical bundle to a photomultiplier tube operating in photoncounting mode. The ends of the fibers (optodes) were attached to the scalp by using double-sided adhesive rings, ana optical contact was ensurea by using standard ultrasound contact gel. In the 10 infants whose biparietal diameters exceeded 8 cm, insufficient signals were obtained with this positioning, and the transmitting optode was therefore attached to the scalp just lateral to the anterior fontanelle, making an angle of 90" with the receiving fiber. The distance between the optodes was measured with mechanical calipers. To prevent interference from background illumination the head was swathed in a light-tight
bandage. An optical cut-out device was employed to switch off the laser diodes if the transmitting bundle became detached from the head. The total light power density emitted from the end of the transmitting fiber bundle was -20 mW/cm2, and the calculated amount of energy absorbed by brain tissue was more than one order of magnitude below British Standards Institute safety limits (BS4803).
A controlling computer calculated the changes in optical absorption at each wavelength and converted these into changes in [HbOz] and [Hb] as described above. Readings were obtained at intervals of between 1 and 15 s and were displayed instantaneously at the cotside and recorded on computer disk for subsequent analysis. Arterial oxygen and carbon dioxide tensions were estimated continuously with transcutaneous electrodes (Novametrix model 850) calibrated against arterial blood samples. Sao, was recorded by pulse oximeter (Novametrix model 500) or subsequently calculated from the transcutaneous oxygen tension with a standard formula (24). These signals were simultaneously sampled and recorded by the NIR apparatus for later analysis. An arterial blood sample was taken for hemoglobin estimation and the hemoglobin concentration was converted from grams per deciliter to millimoles per liter using a molecular weight of 64,500. A value of 0.69 for the cerebral-to-large vessel hematocrit ratio was assumed (18). Alterations in nearinfrared indexes were observed during Sao, changes of 5-10% in the range 82-95% induced by a small transient alteration in the inspired oxygen fraction. For each induced alteration in Sao, an estimate of CBV was obtained using the formula described above. CBV estimation was performed only if the clinical condition of the infant remained stable during the maneuver and transcutaneous carbon dioxide tension remained constant within 0.5 kPa. A total of 43 observations was made in the 22 infants. The mean value for CBV was calculated for each infant (Table 1) . I n infants with normal brains, of gestational age 25-40 (median 29) wk, and birth weight 826-4,400 (median 1,500) g, mean CBV was 2.22 t 0.40 (SD) ml/ 100 g. By contrast in the infants with evidence of brain injury, of gestational age 24-42 (median 36) wk, and birth weight 908-4,500 (median 3,100) g, it was 3.00 t 1.04 (SD) ml/100 g. This difference was statistically significant (P < 0.05, Student's t test with 20 df). Among 100, the infants with abnormal brains the highest values for CBV were found in the five with severe birth asphyxia: 3.50 2 1.22 ml/100 g. Mean arterial carbon dioxide tension was not significantly different between infants with normal brains and those with brain injury.
Formal assessment of reproducibility was not possible as most of the infants studied were clinically unstable, and CBV was therefore fluctuating.
However, in six infants (infants 3, 8, 12, 14, 20 , and 22 in Table 1 ) whose clinical condition was regarded as reasonably stable, coefficients of variation were obtained ranging from 4 to 21% (mean 12%).
There was no significant difference between results obtained using transmission spectroscopy with linear or orthogonal placing of the optodes. Mean CBV in infants studied with linear geometry was 2.53 t 0.73 ml/100 g compared with 2.62 t 1.00 ml/100 g with orthogonal geometry.
DISCUSSION
Validity of the method. This method for measuring CBV incorporates several simplifying assumptions that require consideration. The head is regarded as an optically homogeneous compartment with a constant spatial distribution of hemoglobin and a fixed mean hematocrit. Although regional variations in hemoglobin concentration are well known to occur within brain tissue (9, 23), these will not contribute significant errors to the calculation of total CBV because of the highly scattering nature of brain tissue and the extended path taken by each photon. (For a typical head diameter of 6 cm the mean pathlength is 26.4 cm.)
We have assumed that the hemoglobin saturation of all compartments in the brain is linearly related to Sao, within a relatively narrow physiological range. This assumption will be invalidated if global cerebral blood flow or oxygen consumption alters during a small transient change in Sao . Severe hypoxemia is known to be a potent cerebral vasodilator, but studies in animals indicate that a significant rise in global cerebral blood flow does not occur until arterial POP falls to -5.5 kPa (13, 15), equivalent to Sao, of ~75%. Numerous studies in animals and human subjects have shown no change in global cerebral oxygen consumption during moderate arterial hypoxemia (13, 25). We do not think, therefore, that the small alterations within the range of Sao, employed in this study will have significantly affected global cerebral blood flow or oxygen consumption. If these assumptions are incorrect the relation between hemoglobin oxygenation and Sao, during a transient alteration in Sao, should not be linear. During this study substantial linearity was observed in the range 82-95% Sao,. (We have, however, encountered loss of linearity during other observations when Sao, fell transiently below 80% during nursing procedures.) Changes in regional CBV have been observed with minor degrees of hypoxemia (30), but these would not affect our measurements unless there was a gross change in global CBV. In addition NIRS allows continuous observation of global CBV, and we observed no systematic change in CBV during small induced changes of Sao,.
Use of the Beer-Lambert relationship is possible only if optical path length remain s const ,ant du ring measurements. In . the near-infrared region of the spectrum the absorption coefficients of HbOa and Hb are much lower than in the visible and ultraviolet regions, and thus within biological tissue optical pathlength is dominated by sea ttering. In experimental animals the pathlength factor B has been found to be near infrared wave length .s desp genation and perfusion, and before and . after death The max .imum variation in pathlength observed du 1 remarkably constant at te gross cha nges in oxy-(5) .
.ring these extreme changes of condition was <9%. This observation is co nfirmed by data obtained from a computer sim ulation of light transport in brain tissue that supports the relative constancy of optica .l path length with changes in absorption (6). Small fluctuations in oxygenation over the range employed negligible effect.
can therefore be assumed to exert a id Spectral distortion in a scattering medium may inval-.ate quantitative techniques. In the near-infrared region hemoglobin absorption is greatly reduced, and therefore minimal spectral distortion is observed. A linear relationship between hemoglobin measured biochem ically and spectroscopically in a scat tering medium has been found experimentally concentrations (4, 10). over a wide range of hemoglobin
We have assumed that the relation between optical pathlength and interoptode spacing was the same in infants undergoing transillumination with linear or orthogonal positioning of the optodes. There are currently no experimental data on pathlength with orthogo positioning, so this ass umption cannot yet be tested. nal There were unknown and variable proportions of fetal and adult hemoglobin in the blood of the infants studied. This will have had no significant effect on the results, however, as the absorption coefficients of fetal and adult hemoglobin are virtually identical in the NIR region (W. G. Zijlstra, personal communication).
The relative lowering of hematocrit in the cerebral circulation is thought to be due to erythrocyte migration toward the center of small vessels, resulting in increased erythrocyte flow rates (18). Although sm all va riations in the 1 .arge vesselto-cerebral hematoc rit ratio are known to occur with vasodilatation secondary to changing arterial PCO~ (2 we calculate that this wi 11 have contributed an error 3) 0; c3%.
CBV in newborn infants. So far as we are aware, no values for CBV in infants have previously been published. The mean value obtained in infants with normal brains, 2.22 t 0.4 (SD) ml/100 g, was lower than those found in human adults with the use of other techniques. For example, Sakai and colleagues (23), using singlephoton emission tomography, found mean CBV to be 4.81 t 0.37 ml/100 g. Underestimation of CBV in the infants could have occurred if the optical pathlength factor B had been considerably shorter than assumed. We have no reason to believe that this was the case. The presence of tissue such as bone, scalp, or cerebrospinal fluid in the light path may cause an apparent underestimate of CBV. The contribution of skull bone to the optical pathlength has been shown to be 40% of the rat head (5). Skin and subcutaneous tissue in the light path represented a thickness of <5 mm in an interoptode spacing of 5-8 cm and therefore can be expected to have contributed an uncertainty of 40%. Cerebrospinal fluid causes virtually no optical scattering, and its contribution to the total optical pathlength was therefore assumed to be negligible. Regional CBV is thought to be lower in white than gray cerebral matter (17), and the relatively low values for mean CBV we have obtained in infants may reflect a relative preponderance of white matter compared with adult brain. CBV was significantly elevated in the infants with brain injury. The injury was usually hypoxic-ischemic in nature, although two infants had periventricular hemorrhages. In these latter infants the presence of extravascular blood or blood clots will not have contributed to the calculated CBV. This is because the extravasated blood cannot have participated significantly in oxygen exchange and would therefore have been effectively "invisible" during the transient alterations of Sao,. To our knowledge there are no comparable studies of CBV in infants after brain injury. In addition there are very few reliable data on cerebral blood flow in the human newborn after brain injury, primarily because of methodological difficulties. In experimental neonatal animals cerebral blood flow is generally increased after perinatal asphyxia (29). Extracellular fluid concentrations of potassium and adenosine in the brain are also known to be markedly elevated following cerebral hypoxia in animals (14, 25) . The elevation of CBV we found after brain injury, especially birth asphyxia, suggested cerebral vasodilatation possibly due to the presence of vasoactive agents released in brain tissue after hypoxic-ischemic injury (26).
CONCLUSIONS
We conclude that NIR spectroscopy can be used for the noninvasive measurement of CBV in newborn infants, that values appear lower than those in adults investigated by other techniques, and that CBV is elevated after hypoxic-ischemic brain injury. Quantitative transmission spectroscopy with linear or orthogonal placement of the optodes, as used in these studies, is only feasible in infants at present. In the near future, when the optical pathlength with other optode geometries has been defined, noninvasive quantitation of CBV in older children and adults should become possible. 
